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ABSTRACT
The objective of this study was to synthesize and characterize antimicrobial, silver nanoparticles
based self-assembling monolayer coatings, for use on chronic indwelling medical devices. The
coatings are comprised of novel biomass mediated silver nano particles (SNP) that are
biocompatible, highly concentrated, highly pure, cost-effective, polydispersed and compatible
for use with existing chronic indwelling medical devices. The HPC SNPs were functionalized
with an azide functional group and covalently bound to titanium substrates via ―click‖ chemistry.

vii

BACKGROUND
1.1 Need for Design
Complications related to deep bone infections are potentially devastating to patients and costly to
healthcare providers. The medical evaluation and treatment of arthroplasty infections is resource
intensive including: diagnostic evaluations, assessing local and systemic host factors,
antimicrobial and surgical therapy, outcome monitoring, and prevention. Length of stay is
significantly longer for infected hip (9.7 days) and knee (7.6 days) arthroplasties compared to
uninfected procedures (hip, 4.3 days; knee, 3.9 days) [1]. Hospitalization charges are also
significantly greater for infected joint arthroplasties than for uninfected arthroplasties (hips, 1.76
times; knees, 1.52 times). Urban-non–teaching hospitals have recently been shown to experience
the highest burden of infection with 1.18% for hips and 1.26% for knees compared to rural
(0.61% for hips and 0.69% for knees) and urban-teaching hospitals (0.73% for hips and 0.77%
for knees) [1]. Sculco estimates the direct costs of revision surgery for deep infection following
a total knee arthroplasty at being over $55,000 per case [1]. Infection rates of 1% to 3% have
been reported in patients undergoing knee arthroplasty for osteoarthritis [[2] [3] [4]] and up to
8% for patients having a knee replacement for rheumatoid arthritis [[5] [6] [7]]. Obesity,
diabetes, and age were found to correlate with increased risk of joint arthroplasty infection [8]
Infection of total hip replacement (THR) is a serious complication, necessitating its complete
removal and thorough debridement of the site. Usually long-term antibiotic treatment and a
multitude of surgical interventions within a period of several months are required until a
definitive supply can be achieved [9].
In the United States, by the year 2015, the annual numbers of primary hip and knee replacements
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will be greater than 0.5 million and 1.3 million, respectively [10]. Medicare reimburses hospitals
for services through the system of Diagnosis Related Group (DRG). In recent years, Medicare
has made substantial changes to the DRG system for hip and knee replacements. Hip and knee
replacements are classified into three groups: complications or comorbidities (CC), major
complication or comorbidities (MCC), or without MCC/CC (Non-CC). A ‗‗complication‘‘ is
defined as a pathological condition which has developed during the patient‘s stay, and a
‗‗comorbidity‘‘ is a condition that is present upon admit to the facility. According to the Centers
for Medicare and Medicaid Services, from the reimbursement perspective, examples of CCs
relevant to hip and knee replacements include: dislocation of hip or knee, open wound, blood
loss anemia, malnutrition, hyponatremia, urinary tract infections, deep vein thrombosis, postoperative hematoma, and chronic systolic or diastolic heart failure [11]. Examples of MCCs
relevant to hip and knee replacements include pulmonary embolism and myocardial infarction,
acute renal failure, septicemia or sepsis, pneumonia, and acute or acute on chronic systolic or
diastolic heart failure [12]
According to the Federal Register some hospital acquired conditions (HAC) have been removed
from the MS-DRG assignment unless they were present on admission (POA). For instance,
surgical infection following certain orthopaedic surgeries, deep vein thrombosis or pulmonary
embolism following total knee replacement and hip replacement surgeries are now considered as
preventable [13]. Thus prevention of infection would save the patient significant morbidity and
the health care system significant costs. This study examines the development of click based,
antimicrobial, nano-scale silver, self-assembled coatings to reduce peri-operative infections
associated with arthroplastic surgeries.
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Infected total hip replacement (THR) are often associated with bacterial colonies that show
inherent resistance to both host defense mechanisms and antimicrobial chemotherapy, making
the treatment extremely difficult [9]. A variety of active and passive strategies have been
employed to impart antimicrobial properties to the materials used in the construction of
indwelling devices including; antibiotics [14], inorganic salts [15, 16], inorganic nanomaterials
[17, 18] and organic compounds [19, 20]. While these strategies have produced satisfactory
results for acute indwelling devices such as: professional wound dressings [21], central venous
catheters [22] and endotracheal tubes [23] [24] [25]; none of these approaches to incorporating
an antimicrobial has yielded an optimized solution for chronic indwelling device environments.
Prophylactic use of antibiotic-laden bone cement (ALBC) has been proposed to decrease the
incidence of deep infections resulting from chronic indwelling device implantation [[26, 27]].
However, Gandhi et al. showed that antibiotic-laden bone cement did not reduce the incidence of
deep infection following primary total knee arthroplasty at 1-year follow-up [28].
1.2 Biofilm Formation
Device-related infection is difficult to eradicate because bacteria reside in well-developed
biofilms which adhere to implant material [29]. The principle implants that can be compromised
by biofilm−associated infections include venous catheters, heart valves, ventricular assist
devices, coronary stents, neurosurgical ventricular shunts, arthroprostheses, breast implants,
cochlear implants, ocular lenses, and dental implants [29]. A biofilm is a microbial derived
sessile community characterized by cells that are irreversibly attached to a substratum or
interface to each other, embedded in a gluelike substance called extracellular polymeric
substance or exopolysaccharide (EPS) which is excreted by the bacteria [30]. Exopolysaccharide
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production is required for development of the bacteria‘s biofilm formation and structure and for
cellular attachment to abiotic surfaces [31-33].
Bacterial adherence and biofilm production proceed in two steps: first, an attachment to a surface
and, second, a cell-to-cell adhesion, with pluristratification of bacteria onto the artificial surface
[29]. Bacteria sequestered in biofilms are protected from immune surveillance and exhibit
increased tolerance to common antibiotic therapies [34-37]. While the mechanism of resistance
is unknown, current hypotheses include the heterogeneity of biofilm-encased bacteria and the
decreased penetration of antibiotics due to interactions with the exopolysaccharide matrix [3740]. This biofilm offers bacteria protection from immune surveillance and the effect of systemic
antibiotics [35, 36, 41].
The current standard of care for biofilm infections requires removal of the implant, several
courses of systemic antibiotics, and/or implant replacement, all costly and risk laden procedures
[34]. Thus, preventing biofilm formation by introduction of prophylactic antimicrobial coatings
is attractive.
1.3 Silver as an Antimicrobial
Healthcare Acquired Infections (HAI), have become increasingly resistant to traditional
antibiotics. Bacterial stains such as Methicillin Resistant Staphylococcus Aureus (MRSA) and
Vancomycin Resistant Enterococcus (VRE) have demonstrated broad resistance to beta-lactam
and glycopeptides based antibiotics and have been frequently associated with indwelling devices
which have resulted in difficult to treat infections [42]. There is emerging interest in the field of
biotechnology to create safe and cost-effective biocidal materials that are not irritantsor toxic to
mammalian cells [43].

4

Several classes of nanoparticles possess antimicrobial activity. Klabunde and co-workers
demonstrated that highly reactive metal oxide nanoparticles exhibit excellent biocidal action
against Gram-positive and Gram-negative bacteria. They proposed that abrasiveness, basic
character, electrostatic attraction, and oxidizing power (due to the presence of active halogen)
combine to promote biocidal effects [44].
Silver, in a number of forms, has a successful history efficacious use against a broad spectrum of
gram-positive and gram-negative microbial agents [45] [46, 47] while exhibiting low toxicity to
mammalian cells [48]. Recent advances in materials development have created novel nanoscale
forms of silver metal that present potential advantages in efficacy, ease of integration and safety
when compared to ionic silver or bulk metal delivery vehicles [17, 18] [49].
Silver nanoparticles have been shown to be an effective bactericide to E.coli. Scanning and
transmission electron microscopy (SEM and TEM) confirmed that E.coli cells treated with silver
nanoparticles had damaged cell walls containing ―pits‖ which allows for a significant increase in
permeability, resulting in death of the cell. The silver nanoparticles were also found to
accumulate in the cell wall [43].
Silver nanoparticles have also been shown to be effective against S. aureus. S. aureus exposed to
silver nanoparticles for various amounts of time have reduced proliferation, cell wall breakdown,
release of cellular contents into the surrounding environment was evident, as well as reduced
enzymatic activity of respiratory dehydrogenase. Additionally, the abundance of some proteins
such as aerobic glycerol-3-phosphate dehydrogenase, ABC transporter ATP-binding protein, and
recombinase A protein decreased in the treated bacterial cells [50].
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A study performed by Dibrov and co-workers reported that the positive charge on the Ag ion is
crucial for its antimicrobial activity through the electrostatic attraction between negative charged
cell membrane of microorganism and positive charged nanoparticles. Their results indicate that
low concentrations of Ag+ induced massive proton leakage through the bacterial membrane,
resulting in degeneration and eventually cell death [51].
Silver is a more toxic element to microorganisms than many other metals in the following
sequence: Ag>Hg>Cu>Cd>Cr>Pb> Co>Au>Zn>Fe>Mn>Mo>Sn [48] but has been shown to
exhibit low toxicity to mammalian cells [48]. Unlike some traditional antibiotics, silver has a
lower propensity to induce microbial resistance than many other antimicrobial materials [52]
[53].
Therefore preparation, characterization and surface modification of nanosized inorganic particles
opens the possibility of formulation of a new generation of bactericidal materials[43].
1.4 Self-Assembly
―Self-Assembly‖ is a ―bottom-up‖ approach to the fabrication of nanomaterials which involves
the hierarchical assembly of particles utilizing competing noncovalent intramolecular or
intraparticulate interactions such as interactions between hydrophobic and/or hydrophilic
components, hydrogen bonding, cross-linking agents, charge-transfer interactions, acid/base
proton transfer, van der Waals forces, etc [54]. ―Bottom up‖ can be contrasted against ―Topdown‖ in which small features are patterned in materials by techniques such as lithography,
etching and deposition to form functional devices.
Self-assembling monolayers (SAM) are composed of a terminal functional group, a spacer
(alkane chain), and a head group that binds to the metal substrate.
6

Figure 1: Representation of a SAM structure
The terminal functional group can be almost any moiety such as _CH 3–OH, –NH3, or –COOH.
SAMs form via the chemisorptions of head groups onto a substrate though a process involving
two steps. First, the process begins with bulk solution transport and surface adsorption followed
by a two-dimensional organization on the substrate. The molecules initially form a disordered
mass or a ―lying down‖ phase on the substrate. After a period of time (which varies depending
on the temperature of the environment relative to the triple point temperature) the adsorbate
molecules begin to align and form crystalline or semicrystalline structures on the substrate
surface [55].

7

Figure 2: Depiction of a typical sequences of self−assembled monolayer structure growth
below (A) and above (B) a triple point [55].
The rate of deposition onto the surface is proportional to the free space of the surface as shown
by the Langmuir or Avrami kinetic model as shown in Equation 1 [55].
Equation 1: Rate of deposition of SAMs where k is a rate constant and θ is the proportional
surface area deposited.

The interaction and colloidal stability, which is a function of temperature (Brownian motion), of
nanoparticles in suspension, greatly influence the self-assembly process. Additionally, the drying
process also affects the order of the array that can be achieved via the self-assembly process.
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When performing self assembly of colloidal nanoparticles it is important to control parameters
that affect nucleation, growth and the ordering process [54].
Defects in the SAM structure can be caused by both external and intrinsic factors. External
factors are those such as cleanliness of the substrate, method of preparation, and purity of the
adsorbates. Intrinsic factors relate to the thermodynamics of formation [56].
Self-Assembly techniques include (but are not limited to) sedimentation, layer-by-layer self –
assembly, and biologically assisted self-assembly[54].
1.4.1 Sedimentation in a Gravitational Field
Sedimentation in a gravitational field involves a coupling between Brownian motion, which is a
function of temperature, and gravitational settling. Arrays produced by this method have a cubicclose-packed (ccp) structure or a face-centered-cubic (fcc) lattice (versus having a simple cubic
(sc) or body-centered cubic (bcc) structure). Sedimentation velocity is influenced by particle
size and density, whereas control placement of particles is dependent on the likelihood of the
particles to achieve minimum energy lattice position. The solvent‘s polarity and boiling point are
both important factors. Polarity should be such that the interaction between the nanoparticles
becomes attractive as the solvent evaporates thus the dispersion becomes more concentrated. The
boiling point should be selected so that the nanoparticles have enough time to find equilibrium
lattice before the solvent evaporates, thus a ordered array can be achieved [54]. High relative
humidity-controlled conditions or low alcohol-content solvents allow for low evaporation rates
and higher quality films in some cases [57]. Drawbacks to the sedimentation technique include
little control over the morphology of the top surface and the number of layers of the periodic
arrays [58].

9

1.4.2 Layer-by-layer Self-assembly (LBL-SA)
Layer-by-layer ionic thin film assembly methods include Langmuir–Blodgett method, solvent
casting and spin casting [59]. Langmuir–Blodgett method involves spontaneous ionic adsorption
of oppositely charged materials from aqueous solution onto a solid substrate by immersion of the
substrate [59]. Sequential adsorptions of anionic and cationic compounds allow the deposition of
multilayer film structures [60]. The thickness and morphology of each layer can be optimized by
varying the ionic strength, pH and temperature of the desired solution [61].
Phuvanartnuruks et al. suggest that the initial substrate surface chemistry defines the entire
assembly process; meaning the thickness of all the layers and the stoichiometry of the assembly
is predetermined by the substrate. The assembly process does not revert to a substrateindependent process after a certain number of layers is deposited [60]. Also, layers can be
extremely thin; for example, average layer thicknesses of 2.0, 2.8, and 4.1 Å were calculated
from XPS data for PET (poly(ethylene terephthalate)), PET-CO2 -, and PET-NH3 + layers,
respectively [60].
Layer-by-layer ionic thin film assembly can create a surface that is resistant to cell and/or protein
adhesion by modifying the surface energy. LbL can also be used to alter the hydrophilicity and
hydrophobicity of a surface [62]. Kumar et al. reported LBL-SA of amine-derivatized gold
(positive surface charge) and the carboxylic acid-derivatized silver colloidal particles (negative
surface charge) [63]. Langmuir-Blodgett (LB) technique has been used to fabricate
nanostructured films on materials such as ligand-stabilized gold nanoclusters [64],
semiconducting quantum dots [65] and polymers [66].
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1.4.3 Biologically Assisted Self-assembly
Biologically assisted self-assembly is a method by which the surface of nanocolloids are
functionalized/modified with biological ligands. This method provides advantages compared to
non-biological linker molecules (such as polymers and surfactants) in control of sequence length
and binding specificity, which allows molecular recognition to trigger the self-assembly process
[61]. The biologically assisted self-assembly is governed by highly selective non-covalent
interactions such as hydrogen bonding and van der Walls attractions[61]. Alivisatos et al. used
Watson-Crick base-pairing interactions to aid in the assembly of Au nanoparticles into well
defined ordered structures [67]. Proteins such as ferritin [68], lysine [69], and streptavidin [70,
71] have also been used in the self-assembly of nanoparticles. However, biomolecules are highly
susceptible to environmental factors such as heat, pH and ionic strength requiring special care
during fabrication and use.
1.5 Click
Click chemistry can be employed to form Lbl films whose assembly is facilitated by covalent
bonding. Covalently bound films offer the advantage of higher stability, due to the cross-linked
polymer networks, and are less susceptible to disassembly under varying solution conditions
(e.g., salt, pH), than is typically observed for electrostatically coupled and Hydrogen bonded
films [72, 73]. Another advantage of the click method is that this method can be used to
assemble single component films, which is not possible using conventional LbL assembly [74].
In general, click chemistry refers to a set of covalent reactions with high reaction yields that can
be performed under extremely mild conditions. Kolb et al. defined a set of stringent criteria that a
process must meet in order to be termed ―click chemistry.‖ The criteria are as follows: the
reaction must be modular, wide in scope, give very high yields, generate only inoffensive
11

byproducts that can be removed by nonchromatographic methods, and be stereospecific (but not
necessarily enantioselective). The required process characteristics include simple reaction
conditions (ideally, the process should be insensitive to oxygen and water), readily available
starting materials and reagents, the use of no solvent or a solvent that is benign (such as water) or
easily removed, and simple product isolation. Purification – if required - must be by
nonchromatographic methods, such as crystallization or distillation, and the product must be
stable under physiological conditions [75].
Click chemistry has been used in a broad range of applications, including functionalizing
biological molecules (such as fluorescence labeling of newly synthesized proteins in Escherichia
coli cells by means performing click between the alkynyl amino acid side chains and the dye 3azido-7-hydroxycoumarin) [76], solubilizing carbon nanotubes [77], and synthesizing
dendrimers [78]. The most widely used of click reactions involves the dipolar cycloaddition of
an organic azido group to an alkyne group, also known as the Huisgen ligation [79]. Sharpless‘
―click‖ chemistry (also termed the azide/alkyne ‗click‘ reaction) employs an azide-alkyne [3 + 2]
cycloaddition that is insensitive to water and oxygen and is exceptionally broad in scope [75]
[79, 80]. Sharpless-type click reaction, is a variant of the Huisgen 1,3-dipolar cycloaddition
reaction between C–C triple, C–N triple bonds, and alkyl-/aryl-/ sulfonyl azides where the
relevant outcomes are tetrazoles, 1,2,3-triazoles, or 1,2-oxazoles respectively [81].
1.5.1 Copper Catalyzed Azide-Alkyne Cycloaddition (CuAAC)
Meldal and co-workers have described the acceleration of the Sharpless, purely thermal 1,3dipolar cycloaddition, by the addition of CuI salts [80]. The copper(I)-catalyzed reaction
sequence regiospecifically unites azides and terminal alkynes to give only 1,4-disubstituted
1,2,3-triazoles (versus 1,5-triazoles) [80]. The covalent linkages formed are aromatic 1,2,312

triazole functionalities stable in strong aqueous acid or strong aqueous base conditions that
would likely degrade a grafted surface assembled ionically or prepared by condensation
chemistry [82].
A major advantage of azide-alkyne cycloaddition is that the reactants, acetylenes and azides, are
independently stable; they do not react with common organic reagents or with themselves [83].
Most commonly polar aprotic solvents such as THF, DMSO, CH3CN, DMF as well as in nonpolar aprotic solvents such as toluene are used as a medium[84].
According to Meldal et al., the critical factor is the maintenance of high [Cu(I)] concentration
during the reaction. As a result, the use of a Cu[85] source with addition of a reducing agent in a
large excess has been a preferred method. The presence of reducing agent renders the reaction
much less susceptible to oxygen, and such reactions have often been carried out under open-air
conditions. However, these open-air conditions expose the procedure to potential oxidative side
reactions. Cu(II) such as copper sulfate CuSO4. CuSO4 plus a reducing agent of 0.01 molar
equivalent has been shown as sufficient [84]. Molander et al. screened a number of different Cu
catalysts for their effectiveness in promoting the cycloaddition reaction such as Cu powder,
CuCN, CuBr and Cu(I). Although all of the catalysts generated the target triazole compound
under the standard reaction conditions, Cu(I) provided the most rapid reaction and the highest
isolated yield. Molander et al. also showed that decreasing the catalyst loading from 10 mol % to
5 mol % resulted in slightly increased reaction times [86].
The proposed mechanism for the Cu(I) catalyzed click reaction is as follows (Figure 3): The
Cu(I) species coordinates with the alkyne forming an acetylene pi complex. In the presence of a
base, the terminal hydrogen (which is the most acidic) is deprotonated first to give a Cu acetylide
intermediate. It has been reported that the reaction is second order with respect to Cu[87]. It has
13

been proposed that the transition state involves one copper atom bonded to the acetylide and
another copper atom which serves to activate the azide[87]. The nitrogen proximal to the carbon
displaces one Cu ligand and a copper-azide-acetylide intermediate complex is formed[88].
Cyclization takes place, via an endothermic reaction, when the C-2 carbon of the alkyne is
attacked by the distal nitrogen of the azide resulting in a six-membered Cu(III) metallacycle[87,
88]. The Cu(I) species lowers the energy barrier accelerating the reaction compared to the
uncatalyzed reaction[88]. The next step is a proton transfer reaction with the proton that was
removed from the terminal acetylene by the base earlier in the reaction[87]. The copper
coordinated with the acetylide lowers the pKa of the alkyne C-H by up to 9.8 units, thus it has
been proposed that the reaction can be carried out in the absence of a base. In the absence of a
Cu catalyst, the alkyne is a poor electrophile[87]. Thus it can be said that the Cu(I) provides a
reliable and powerful tool for the selective synthesis of 1,4 disubstituted 1,2,3-triazoles [88].

Figure 3: Proposed Cu(I) catalyzed "click" reaction [79, 88, 89] ; L stands for a random
ligand, the most frequent one is water.
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Utilizing copper as a catalyst allows for reactions to be conducted in conditions unsuitable for
conventional [3 + 2] cyclizations of azides and alkynes to form triazoles allowing for the
modification of materials such as polyethylene [90].
1.5.2 Non Copper Catalyzed Click Chemistry
Non Copper catalyzed click chemistry utilizes a reagent developed by Bertozzi and co-workers
and is attractive for use in living systems, as it reduces potential toxicity to living cells that is
usually associated with the copper catalyzed Huisgen 1,3-dipolar cycloaddition [91]. Use of a
difluorinated cyclooctyne instead of the usual terminal alkyne allows a rapid cycloaddition
reaction to take place even without a copper catalyst. This substituted cyclooctyne possesses ring
strain and electron-withdrawing fluorine substituents that together promote the [3 +2] dipolar
cycloaddition with azides [91-93]. It has been reported that the Cu-free click reaction possesses
comparable kinetics to the Cu-catalyzed reaction and proceeds within minutes on live cells with
no apparent toxicity [92].
Baskin et al. described a means to utilize Cu-free click chemistry in the area of metabolic
labeling with azides to prime target biomolecules for visualization by covalent attachment of an
imaging probe to study the dynamics of glycan trafficking in living cells without the reaction or
labels perturbing the process [92].
1.6 Silanization
Silanization with organofunctional alkoxysilane molecules allows the synthesis of SAM coated
oxide surfaces through self-assembly. Metal oxide surfaces like the titanium disks can be
silanized, because they contain hydroxyl groups which attack and displace the alkoxy groups on
the silane thus form a covalent -Si-O-Ti- bond.
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In order silanize titanium, the titanium surface must first be oxidized to introduce OH functional
groups. This can be accomplished via chemical oxidation with hydrogen peroxide. A hydrogen
peroxide anion (HOO-) breaks the oxide layer and the complex Ti(OH) 2O2 is formed [94].
Equation 2: Titanium Surface Oxidation Part 1

The Ti(OH)2O2 complex may then hydrolyze to form titanium hydroxide and hydrogen peroxide
[94].
Equation 3: Titanium Surface Oxidation Part 2

Titanium surface oxidation can also be performed using a plasma cleaner.
1.7 Silver Nanoparticle (SNP) Synthesis
Metallic nanoparticles, including gold, silver, iron, zinc and metal oxide nanoparticles, are an
attractive approach in biomedical applications because they exhibit a large surface to volume
ratio [95]. The diameters of AgNPs are generally smaller than 100 nm and contain 20–15,000
silver atoms [96]. Nanometer sized particles tend to agglomerate due to van der Waals
interactions[97]. Electrostatic-and steric-stabilization can be used to prevent agglomeration of
nanoparticles[98]. Coulombic repulsion (repulsive force between two positive or two negative
charges) between particles will aid in prevent agglomeration[99]. Preparing colloidal dispersion
in acidic medium will provide a positive charge on the surface of the particle, while preparation
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in alkaline solutions will provide a negative charge[99]. Steric stabilization can be achieved via
attachment of large molecules to the surface of the nanoparticles, such as a surfactant [100]or a
polymer[101]. Biological components, including proteins and DNA oligonucleotides have also
been utilized to stabilize nanoparticles [102].
1.7.1 Chemical Synthesis
1.7.1.1 Reduction Methods
Turkevich et al. first reported their preparation of AgNPs based on the reduction of silver salt
such as silver nitrate with a reducting agent like sodium borohydride in the presence of a
colloidal stabilizer like citrate [103]. Formaldehyde can also be used as a reducing agent for
preparing nanoscale silver particles. In this synthesis, silver nitrate solution is used as the source
of ion. The surfactant polyvinyl-pyrrolidone (PVP), a protective agent, is then added to AgNO3
and the metal is reduced using a formaldehyde solution. To increase the rate of the reaction, pH
is increased by the addition of an alkaline solution consisting of NaOH and/or Na2CO3 which
results in a faster reduction. This synthesis produces well-dispersed spherical shaped crystalline
silver particle with 7–20 nm size [104].
1.7.1.2 Sol-gel Process
The sol-gel process is a low temperature wet chemical technique for synthesizing organic and
inorganic amorphous materials [105, 106]. The alcohol sol (or solution) evolves to a gel-like
network through hydrolysis and condensation reactions of organometallic compounds [107].
Metal particles such as gold [107, 108], copper [109, 110], platinum, palladium [111] and silver
[112] have been prepared in glassy matrices by the sol-gel method.
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Zayat et al. created stable silver metal nanoparticles utilizing the following process: Base silica
glass sols were prepared by hydrolysis of TEOS (TetraEthoxy OrthoSilane) and MeTEOS
(Methyl-TriEthoxy OrthoSilane) in water/ethanol solution, using HNO3 as a catalyst. After
hydrolysis was complete, AgNO3 (Silver Nitrate) and CCl3CO2H (Trichloroacetic acid, TCAA)
were added in a stoichiometric Ag : Cl 1 : 1 molar ratio. The films were obtained by dip-coating
soda lime glass slides (1 um thick) in the precursor sols. EG (Ethylene Glycol) was added in
order to increase the viscosity of the dipping solution leading to thicker films. The dipping
solution had the following composition: 1.3 ml TEOS, 1.3 ml MeTEOS, 5.3 ml Ethanol, 0.8 ml
Water, 3 drops HNO3 (conc.), 1.3 ml EG, 1.5 ml AgNO3 1M and 0.5 ml TCAA 1M. Drying was
carried out at 40⁰C. The resulting films were of good optical and mechanical quality [113]. This
method produces large clusters of SNP of inconsistent size.
1.7.2 Physical Synthesis
In addition to chemical synthesis of AgNPs, Yen et al. reported the production of AgNPs by
physical manufacturing. Silver bulk material was ground then vaporized to the atomic level via
plasma gasification under vacuum. The material was then further condensed in the presence of
inert gas, and piled up to produce AgNPs which were then collected in a cold trap and
centrifuged to obtain a final product. Evaporation time and the amount of electric current used
could be adjusted to tune the size of AgNPs produced [114].
1.7.3 Biological Approach
With an increased demand to develop clean, nontoxic and environmentally friendly NP synthesis
methods, many researchers have turned to biological systems for inspiration [115]. There are
many examples both in the plant and animal kingdom of unicellular and multicellular organisms
that produce inorganic materials either intra- or extracellularly [116, 117] . Some of them include
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magnetotactic bacteria (synthesize magnetite nanoparticles) [118, 119], diatoms (synthesize
siliceous materials) [120], S-layer bacteria (produce gypsum and calcium carbonate layers) [121,
122] and fungus Verticillium (synthesize aqueous Ag+ ions) [123].
The biological synthesis of silver-based 200 nm crystals in the periplasmic space of
Pseudomonas stutzeri AG259 was reported in 1999 [124, 125] .This bacterium strain was
originally isolated from silver mine [124]. In this method, the cells are cultured in the presence of
high concentrations of silver salts. They are then harvested, fixed, distilled and polymerized.
Ultrathin sections are stained and visualized under microscope.
1.8 Functionalization of Nanoparticles
Alkanethiols are molecules with an alkyl chain, (C-C)ⁿ chain, as the back bone, a tail group, and
a S-H head group. Sulfur has a strong affinity for noble metals which makes alkanthiols ideal for
use on metal substrates. Woehrle et al. describe a ligand exchange reaction which leads to thiolfunctionalize gold nanoparticles [126]. Porter et al. reported the functionalization of gold and
silver nanoparticles by the adsorption of dialkyl disulfides [127]. Fleming et al. describe a means
to functionalize gold nanoparticles with an azide functional group via an elimination reaction of
bromine [128].
1.9 Characterization of SNP
1.9.1 Ultraviolet-Visible Spectroscopy
UV-visible spectroscopy is a facile method for characterizing nanoparticles and is mostly used to
confirm the presence of nanoparticles in a liquid. It is not capable of providing detailed
information regarding NP size distribution when compared to microscopy based analysis
techniques but semi-quantitative method for determining the presence and size distribution of
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NP. UV-Vis can also serve as an indicator of material deterioration and is a qualitative method
for indicating the effectiveness of polymer containing nanoparticles.
1.9.2 Fourier Transform Infrared Spectroscopy (FTIR)
The FTIR spectrum of the SNPs after reaction with an azide can be compared to that obtained for
control HPC SNPs to determine the degree of functionalization [128]. The FTIR spectrum of the
SNPs that have been functionalized with an azide should contain a new absorbance peak
centered at 2094 cm-1 that is attributed to the cumulated double bond of the terminal azide
moieties [128].
1.9.3 TEM
TEM can be used as an analytical tool for determining the morphology and arrangement of
nanoparticles comprised materials. Several studies have utilized TEM as a characterization
method for different nanoparticles including SNPs [127-129].
1.9.4 Dynamic Light Scattering (DLS)  Hydrodynamic Radius
Dynamic Light Scattering (DLS) aka Photon Correlation Spectroscopy [130] works similarly to
NTA with the difference being that DLS does not visualize the particles individually but rather
analyses, using a digital correlator, the time dependent scattering intensity fluctuations.
Fluctuations are caused by interference which arise from the relative Brownian movements of a
large number of particles within a sample. DLS size range is 1-6000nm. DLS is ideal for
monodispersed samples due to the fact that it is an ensemble measurement which is biased to
larger, higher scattering particles[131]. DLS can be utilized in this study to compare the
hydrodynamic radius of the functionalized nanoparticles to the non-functionalized nanoparticles.
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1.10

Characterization of Surface

1.10.1 Atomic Force Microscopy (AFM)
AFM is an imaging tool which provides high resolution, 3D images detailing surface
topography. AFM can give information regarding the organization, morphology and size
distribution of SNPs on a surface [132]. It has several advantages terms of resolution, speed and
ease of sample preparation when compared to other when compared to cryo-electron microscopy
and X-ray crystallography techniques [133].
1.10.2 Scanning Electron Microscopy (SEM)
SEM is also an analytical tool that uses a focused beam of high-energy electrons to generate a
variety of signals at the surface of solid specimens. Unlike TEM, it allows the surface structure
of the sample to be studied at high resolutions, enabling characterization of external morphology
(texture), chemical composition, and crystalline structure and orientation of solid materials.
1.10.3 CytoViva Hyperspectral Imaging System (HSI)
The CytoViva Nano-scale Optical Microscope was used in collaboration with the CytoViva
Hyperspectral Imaging System (HSI) to provide spectral analysis of surfaces coated with azide
functionalized HPC SNPs. The microscope operates in the 400-1,000nm spectral range.
1.11

Silver Content Analysis

Determining the silver content in these nanoparticles monolayers is critical to the design of
effective antimicrobial coatings. The silver content of the monolayers is proportional to the ion
elution rate and the content analysis will help in tuning the silver concentration to achieve
maximum efficacy of the biocompatible self-assembled coating.
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ICP-OES (Inductively Coupled Plasma-Optical Emission Spectrometry ) is one of the most
common analytical methods for determining silver content as it has high sensitivity, high
precision, and capable of determining range of metals and several non metals at concentrations
range from a several percent to ppb levels [134]. ICP-OES uses inductively coupled plasma to
excite atoms and ions which emit electromagnetic radiation at characteristic wavelengths that are
specific to each element. Silver ions excite 328.066 nm. The intensity of each wavelength is
compared to previously measured intensities of known concentrations of silver ions, and the
results are computed by interpolation along the calibration lines.
In this study, ICPOES analysis is used to monitor the release of SNP particles and ions from the
biocompatible SNP based coatings. The analysis enables us to quantify the release of SNP from
the coatings in a time-based study and plot the release profile of SNP. The procedure for
performing ICPOES can be found in Appendix B.
1.12

Antimicrobial Efficacy – ISO 22196-2007 Plastics

The ISO 22196-2007 Plastics standard specifies a method of evaluating the antibacterial activity
of antibacterial-treated plastic products will be used as the protocol for Antimicrobial Efficacy
tests.
The quantitative antimicrobial testing will be conducted on Titanium Discs containing click
assembled SNP monolayer coatings according to the ISO 22196 test methods over 24 hrs.
Staphylococcus aureus and Escherichia coli will serve as the test organisms. The SNP
concentration will be optimized to achieve 3-5 log reduction of viable CFU‘s for each challenge
microorganism.
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Untreated titanium disks were used as a control. Silanized titanium disks were not used as a
control because quaternary ammonium silanes have been shown to have an antimicrobial effect
on both gram positive and gram negative bacteria [135].
The antimicrobial activity can be calculated using the following equation:
R = (U t − U0) − (At − U0) = Ut − At
where
R is the antibacterial activity;
U0 is the average of the common logarithm of the number of viable bacteria, in cells/cm2,
recovered from the untreated test specimens immediately after inoculation;
Ut is the average of the common logarithm of the number of viable bacteria, in cells/cm2,
recovered from the untreated test specimens after 24 h;
At is the average of the common logarithm of the number of viable bacteria, in cells/cm2,
recovered from the treated test specimens after 24 h.
1.13

Cytotoxicity Studies

Cytotoxicity studies will determine the cytotoxic range of silver nano particles and silver nitrate.
Human epithelial carcinoma cells (HeLa) cells will be used due to their high resistivity when
compared to other cells line. The Hela cells will be passaged using sterile protocols and SNP and
silver nitrate concentrations will be varied from 100 uM to 1nM. All the solutions will be made
in Dulbecco's Modified Eagle's Medium (DMEM). The cells will be stained using SYTOX®
Green which penetrates the damaged plasma membranes of dead HeLa cells. The protocol for
working with HeLa cells can be found in Appendix A.
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MATERIALS AND METHODS
2.1 Microbiology Test Organisms
Escherichia coli (ATCC 8739) and Staphylococcus aureus (ATCC 6538) were inoculated and
grown in sterile 15-ml centrifuge tubes (BD Falcon, Franklin Lakes, NJ) containing BHI broth
and Nutrient Agar respectively and incubated at 37ºC for 24 hours. After the incubation period,
the Modified ISO 22196-2007 (Appendix C) was followed. For the initial count and after
exposure to test surfaces, the E. coli and S. aureus were plated on BBL MacConkey Agar and
Mannitol salt agar respectively.
2.2 Cell Culture
Cytotoxicity studies were used to determine the cytotoxic range of silver nanoparticles against
mammalian cells. MC3T3-E1 cells were utilized for all cytotoxicity studies. 3T3 Cells
(American Type Culture Collection) are maintained in 25-cm2 flasks (BD Falcon, Franklin
Lakes, NJ) with 5ml of Dulbecco‘s Modified Eagle‘s Medium-reduced serum (DMEM-RS)
supplemented with 3% Fetal Bovine Serum (FBS) and incubated at 37ºC and 5% CO2. Cells will
be allowed to adhere and grow for 24 hours prior to every exposure to SNP coated titanium
discs. Protocol for testing can be found in Appendix A. SYTOX® Green, a nucleic acid stain
that exhibits excitation/emission maxima of ~504/523 nm upon binding DNA, was used to
quantify dead cells via flow cytometry.
2.3 Biomass Mediated SNP Synthesis
35 ml of both 125 mM AgNO3 and 61.5 mM formaldehyde (HCOH) are added, by syringe
pumps (KD Scientific 200,Holliston MA) to a pre dissolved solution containing 0.5 g NaOH,
0.3125 g HPC, 330 ml DI and 5ul antifoaming agent in RT. This should result in the synthesis of
25-75 nm SNP. Purification is accomplished by thermal flocculation of the solution and removal
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of supernatant. The SNP-HPC solution is heated to 70-75oC under static conditions resulting in
flocculation and precipitation. After precipitation the supernatant is removed and the pellet is
resuspended in RT water. This process is repeated 4 times and the resulting pellet dried and
ground yielding a ~98% pure SNP powder. Samples are taken when 10 ml, 20 ml, 30 ml and 35
ml of reactants have been added by syringe pumps to study the time-evolution of SNP over time
by Genesys6 (Thermo Scientific, Madison WI) UV-Visible Spectrophotometer.

Figure 4: Process flow diagram of the biomass mediated reduction and purification. Figure
drawn by Ammar Qureshi.
2.5 Azide Functionalization of SNP
HPC stabilized nanoparticles were functionalized with Bis(11-azidoundecyl) disulfide 99% from
Sigma Aldrich (Sigma Chemical Co, St Louis, MO) . Woehrle et al. reported that
functionalization with a thiol proceeds to completion when an excess of the incoming thiol is
used (approximately 90-200 molar equivalents with respect to the nanoparticle for most thiols).
[136] [126].
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Figure 5: Bis(11-azidoundecyl) disulfide
The particles were mixed with 10,000 molar equivalents of Bis(11-azidoundecyl) disulfide and
sonicated for 10 minutes and then incubated at 37⁰C for 48 hours. The particles were then
purified through a series of ethanol washes and centrifugation (3 cycles, 25 mins each at 11081
RCF) to remove byproducts (such as excess Bis(11-azidoundecyl) disulfide). Corning 430290
50mL PP Centrifuge Tubes were filled with 25mL of 1000ppm nanoparticles solution and
centrifuged in SORVALL® RC-28S SUPRAspeed Refrigerated centrifuge . The SNPs formed a
pellet at the bottom of the tube and further purification was accomplished by mixing the pellet
with ethanol and repeating the purification process for a total of four times. Woehrle et al.
reported at least two cycles of centrifugation are typically required because not all supernatant
liquid can be removed. Usually ~90-95% of the supernatant can be separated from the oily pellet
before losing a significant amount of product [126].

Figure 6: Azide functionalized SNP
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2.6 Surface Modification of Titanium surface
The titanium surface was first oxidized using a Basic Plasma Cleaner (Harrick Plasma, USA).
Silanization with ASTES ( 6-azidosulfonylhexyltriethoxysilane) was performed as the primary
layer on the substrates. The substrates were exposed to a 1% solution of ASTES and incubated
for 25 minutes at room temperature (RT). They were then washed three times with EtOH and
dried with a hot plate.

Figure 7: 6-azidosulfonylhexyltriethoxysilane

Figure 8: Silanization with ASTES ( 6-azidosulfonylhexyltriethoxysilane)
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LbL assembly was performed by sequentially exposing the silanized substrates (titanium disks,
glass) to a 10,000 ppm 1,7-Octadiyne in DMSO and azide functionalized HPC SNP (1000ppm)
in ethanol. The first layer was applied for 18 hours and each subsequent layer was applied for 2
hours in an incubator at 37⁰C. The substrates were rinsed three times with ethanol after each
layer was applied.

Figure 9: 1,7-Octadiyne

Figure 10: Proposed progression of click reaction of azide functionalized SNPs onto
silanized titanium surface (containing free azide functional group).
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RESULTS
3.1 Characterization of HPC SNP Results
3.1.1 Solubility of Azide Functionalized Nanoparticles
The particles were mixed with 10,000 molar equivalents of Bis(11-azidoundecyl) disulfide and
sonicated for 10 minutes and then incubated at 37⁰C for 48 hours. The particles were then
purified through a series of ethanol washes and centrifugation (3 cycles, 25 mins each at 11081
RCF) to remove byproducts (such as excess Bis(11-azidoundecyl) disulfide). Corning 430290
50mL PP Centrifuge Tubes were filled with 25mL of 1000ppm nanoparticles solution and
centrifuged in SORVALL® RC-28S SUPRAspeed Refrigerated centrifuge .
Functionalized silver nanoparticles have been shown to be soluble in a wide range of organic
solvents (e.g., hexane, cyclohexane, benzene, CCl4 , and THF) [127]. Bare silver nanoparticles
are known to flocculate upon removal of solvent [137].
After exposure of the HPC coated SNPs with Bis(11-azidoundecyl) disulfide, the SNPs were
purified using a centrifuge then redissolved in ethanol. This process was repeated three times.
The SNPs did redisperse suggesting that the Bis(11-azidoundecyl) disulfide did coat the surface
of the nanoparticles.
3.1.2 Click in Solution
Functionalization and the subsequent click reaction was confirmed via performing the click
reaction in solution to test for formation of a pellet that did re−suspend upon vigorous shaking,
suggesting that a triazole formed between the azide functionalized HPC SNPs binding them
together. The control SNPs (non−funtionalized HPC SNPs) did settle out of solution after time
and re-suspended after mild shaking. Figure 11
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Figure 11: Azide functionalized HPC SNP pellet (left); Control (right)
3.1.3 Fourier Transform Infrared Spectroscopy (FTIR)
FTIR spectroscopy confirmed the presence of azide functional groups. Unmodified SNPs were
used as a reference. The spectrum of the azide-NP functionalized SNP showed an FTIR peak
area of 2100 cm1 characteristic of the anti-symmetric stretch vibration of the azido group [74,
138].

Figure 12: FTIR peak of azide functionalized HPC silver nanoparticles shows a 2100^cm-1
peak area indicating the presence of azide functional groups on the functionalized HPC
SNPs.
30

3.1.4 TEM

Figure 13: TEM images of HPC SNP at 50x magnification (a) HPC SNP (b) azide
functionalized HPC SNPs. Captured with JEOL 100CX.
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Figure 14: Size distribution histogram of azide functionalized nanoparticles using image (b)
in Figure 13.
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The functionalized nanoparticles employed in this study were between 15 and 147 nm (Figure
14). The nanoparticles were dissolved in ethanol which helps prevent aggregation of the particles
by stabilizing the Ag ions, versus dissolving the particles in distilled water [139].
Figure 13A and Figure 13B present TEM images of the HPC SNP and the azide functionalized
HPC SNPs. The azide functionalized SNPs showed a halo effect around the outer edge of each
particle, which we believe is due to the presence of the azide functional group. The inner portion
(darker region) is the core of the silver nanoparticle. This halo was not present in the
unfuctionalized HPC SNPs.
3.1.5 DLS
There is a difference between the size distribution obtained from DLS and TEM imaging, which
results from differences between the applied methods. Preparation of the samples for TEM
requires dilution of the silver nanoparticle solution, followed by evaporation of the solvent; the
treatment used may influence the degree of aggregation. DLS measurements are collected in
solution, whereas for TEM, dry samples are used that may not reflect the exact particle
distribution present in solution [140]. Despite the above-described differences, both methods
provide evidence that azide HPC SNPs have a larger radius than HPC SNP nanoparticles.
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Figure 15: DLS depicting hydrodynamic radius difference between HPC SNPs and azide
SNPs.
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3.1.6 Ultraviolet-Visible Spectroscopy
The Genesys 6 UV-Vis spectrometer was used to evaluate the thiol functionalized nanoparticles.
A silver plasmon resonance peak at 475 nm has been previously reported for alkanethiolfunctionalized silver nanoparticles [127]. The functionalized nanoparticles employed in this
study had an absorption maximum at 400 nm (Figure 16).
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Figure 16: 1000ppm HPC stabilized SNP in ethanol. Blanked with ethanol.
3.2 Characterization of Surface Results
3.2.1 Atomic Force Microscopy (AFM)
Roughness analysis on samples was conducted using a commercial AFM system (Agilent 5500)
in tapping mode. A conical silicon tip with a nominal tip radius 10-20 nm on aluminum backcoated cantilevers with a nominal spring constant of 7.4 N/m (Budget Sensors, model All-in-oneAl; cantilever C) was used. The scanning was performed at a scanning rate of 0.2 Hz (1 μm/s)
along the fast scan axis and a scan size of 5 × 5 μm2. The fast scan axis was perpendicular to the
33

longitudinal direction of the cantilever. The measurements were done at room temperature and a
relative humidity of ~50%. The obtained topographic images were flattened but no further
processing was performed. Roughness values were then obtained with theimage processing
software Gwyddion. Mean squared roughness (Rms) over 11 lines on each scanned area was
measured and averaged.
AFM was performed on coated glass microscope slides with 1, 5, and 10 coatings of azide
functionalized HPC SNPs utilizing click chemistry. Surface roughness increased from 0.88nm to
2.87nm as the number of coatings increased from 1 to 5 suggesting that multiple layers can be
achieved through the layer-by-layer technique and creation of covalent bonds between layers.

AFM of azide functionalized SNP coated glass
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Figure 17: AFM of azide functionalized SNP coated glass.
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3.2.2 Scanning Electron Microscopy (SEM)
SEM was performed using a JSM-6610 Scanning Electron Microscope (JEOL Ltd., JEOL USA.)
Each sample was mounted on aluminum stubs with either Tubecote or colloidal graphite and
sputter coated with a platinum film in an EMS 550X Sputter Coating Device (Electron
Microscopy Sciences, Hatfield, PA, USA) to image the surface morphology.
SEM allows visual comparison of the surfaces of the samples where 1, 3, and 5 coats of azide
functionalized HPC SNPs were applied. SEM confirmed an increase in the number as well as a
more uniform distribution of nanoparticles with increasing coats. The SEM images show only
the SNPs on the surface, which were sputter coated with platinum (15nm thickness) before
imaging. These SEM images were performed on coated glass slides so as to only image the
coatings, and not the irregular titanium surface.

Figure 18: SEM images of azide functionalized HPC SNP on the surface of coated glass
cover slips after platinum sputter coating; oxidized, 1, 3, and 5 layers are shown. Images
were under the following parameters: 10,000x, 10kV.
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3.2.3 CytoViva Hyperspectral Imaging System (HSI)
Cytoviva imaging allows visual comparison of the surfaces of the samples where 1, 3, and 5
coats of azide functionalized HPC SNPs were applied. Cytoviva also confirmed an increase in
the number as well as a more uniform distribution of nanoparticles with increasing coats. The
Cytoviva images show the total surface coat including the initial silane coat as well as additional
azide functionalized HPC SNPs. The Cytoviva images were taken using coated glass slides.

Figure 19: CytoViva microscope images of the same cover slips depicting both the initial
silane layer as well as additional azide functionalized

3.2.4 Silver Content Analysis
The amount of silver present on 1, 5, and 10 coatings was found using ICPOES (Inductively
Coupled Plasma Optical Emission Spectometry). The amount of silver released did increase with
the number of layers present, which confirms an additive effect. Total amounts of silver equaled
0.0542, 0.0793, and 0.2012 ug/mm^2 for 1, 3, and 5 coats respectively.
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Figure 20: Release of silver from SNP titanium coatings was measured by ICP-OES.
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Figure 21: Release of silver from SNP titanium coatings over 4 days as measured by ICPOES.
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Figure 22: Release of silver from SNP titanium coatings per day for 4 days a measured by
ICP-OES.
3.3 Antimicrobial Activity of Azide Functionalized HPC SNPs
The silver nanoparticles coatings were challenged with two microorganisms Escherichia coli and
Staphylococcus aureus. These strains were chosen as they are the two most commonly occurring
strains of bacteria in Healthcare Acquired Infections (HAI) and have demonstrated resistance to
several antibiotics including amoxicillin and methicillin respectively [141].
3.3.1 ISO-22196 Modified Antimicrobial Test
Figure 23 shows the percentage of bacterial reduction of S. aureus and E. coli on titanium for 1,
3, and 5 coats of azide functionalized HPC SNPs. Based on colony counts, numbers of adherent
bacteria (cfu) were significantly lower on the HPC SNP coated titanium disks than on the control
disks with up to a 99.99% and 99.74% decrease in colonization of E.coli and S.aureus
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respectively. The thick peptidoglycan layer of S.aureus is believed to be interacting with the
silver ions reducing the cytotoxic activity compared to E.coli.
Table 1: This table depicts percent cell death of E. coli and S. aureus on titanium disks.
% death
E.coli

Coats
0
1
3
5

26.11%
99.91%
99.99%
99.94%

S.aureus
33.33%
99.16%
99.42%
99.74%

% Bacterial Death vs # of Coatings
99.99%
99.94%

99.91%

% Cell Death

99.74%

% death E.coli

99.42%

% death S.aureus
99.16%

0.99
1

3
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Number of Coats

Figure 23: Graph representing the percent bacterial reduction when exposed to varying
number of coatings of azide functionalized HPC SNPs. Performed on titanium disks.
3.3.2 Scanning Electron Microscopy (SEM)
SEM was used to show surface morphology and distribution of S.aureus on titanium for 1, 3, and
5 coats of azide functionalized HPC SNPs (Error! Reference source not found.). The samples
are coated with platinum. SEM was performed using a JSM-6610 Scanning Electron
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Microscope (JEOL Ltd., JEOL USA.) Each sample was mounted on aluminum stubs with either
Tubecote or colloidal graphite and sputter coated with a platinum film in an EMS 550X Sputter
Coating Device (Electron Microscopy Sciences, Hatfield, PA, USA) to image the surface
morphology. Bacteria were applied to discs as stated in Appendix C. After 24 hours, bacteria
were fixed in 2.5% glutaraldehyde using 0.1 M PBS; pH 7.2, at RT for 30 minutes. The SEM
samples were processed according to a standard procedure: they were gradually dehydrated in
ethanol, critical point dried then sputtered. The full protocol can be seen in Appendix F.

Figure 24: SEM images of fixed S. aureus on titanium with 1, 3 and 5 coats. Images were
taken at 1,500x magnification, 10kV.
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SEM was also used to view the distribution of E. coli. However, the E. coli were extremely
sparse in their distribution. Figure 24 shows E. coli which were still present on the surface of 1
and 3 coat titanium disks. The E. coli had significant morphological changes after exposure to
the SNP coatings which has been reported when cell membrane breakdown occurs [142, 143].

A.

B.

C.
Figure 25: SEM images of fixed E. coli on titanium.(a) Control titanium, no SNP coat (b) 1
coat (c) 3 coats. Images were taken at 3,000x magnification, 10kV, platinum sputter.
41

3.4 Mammalian Cytotoxicity
3.4.1 Flow Cytometry
Azide HPC SNP coatings were tested against 3T3 cells to study cytotoxicity to determine an
efficacious and non-cytotoxic number of layers of SNPs for industrial use. The discs were
coated and autoclaved before the cytotoxicity experiments. The coatings varied from 1, 3, and 5
coats and the 24 hr exposure time was chosen for comparing results with the antimicrobial
activity experiments.
Flow cytometry results indicate that 3T3 cells are resistant to the azide HPC SNP coats. For 5
coats of silver nanoparticles 69.5 % of 3T3 cells were alive. This concentration is both
efficacious to microbes and non-cytotoxic to cells. In experiment repeats, 3T3 cells consistently
survived more on 5 coats vs the oxidized titanium control. This agrees with reports that silver
nanoparticle coatings can allow attachment, and growth of mammalian cells while also having an
antimicrobial effect [144].
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Figure 26: Graph representing the viability of 3T3 cells when exposed to azide HPC SNP
coats on titanium. Sytox Green was used to stain dead cells.
42

CONCLUSION
In this study we demonstrated the azide functionalization of HPC SNPs as well as the coating of
titanium with azide SNPs utilizing ―click‖ chemistry, with potential application of antimicrobial
coatings for titanium implants. The azide SNPs demonstrated significant antimicrobial activity
reducing the E.coli and S.aureus bacterial colonies by 99.9- 99.74% respectively. Based on the
antimicrobial activity experiments and cytotoxicity data, we recommend a treatment of 5
coatings for clinical use. Clearly, further research is needed understand the mechanism of
synthesis and to evaluate the physio-chemical properties of these materials.
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